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Summary
Objective: Reduction of compressive stiffness of articular cartilage has been reported as one of the first signs of cartilage degeneration. For
the measurement of in situ compressive stiffness, a hand-held indentation probe has recently been developed and baseline data for
macroscopically normal knee joint cartilage were provided. However, the histological stage of degeneration of the measured cartilage was
not known. The purpose of this study was to investigate whether there is a relationship between the in situ measured compressive stiffness,
the histological stage of degeneration, and the biochemical composition of articular cartilage.
Design: Instantaneous compressive stiffness was measured for the articular cartilage of 24 human cadaver knees. Additionally, biochemical
composition (total proteoglycan and collagen content) and histological appearance (according to the Mankin score) were assessed for each
measurement location.
Results: Despite visually normal surfaces, various histological signs of degeneration were present. A high correlation between Mankin score
and cartilage stiffness was observed for the lateral patellar groove (R2=0.81), the medial (R2=0.83) and the lateral femoral condyle
(R2=0.71), whereas a moderate correlation was found for the medial patellar groove (R2=0.44). No correlation was observed between
biochemical composition and cartilage compressive stiffness.
Conclusions: Our results are in agreement with others and show that the instantaneous compressive stiffness is primarily dependent on the
integrity of the extracellular matrix, and not on the content of the major cartilage constituents. The high correlation between stiffness and
Mankin score in mild osteoarthrosis suggests that the stage of cartilage degeneration can be assessed quantitatively with the hand-held
indentation probe. Moderate and severe case of osteoarthrosis remains to be investigated. © 2001 OsteoArthritis Research Society
International
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Articular cartilage has unique material properties which
enable it to perform its physiological functions over a
lifetime and under a wide range of loading conditions. The
main functions of articular cartilage in diarthrodial joints are
to transmit loads between the opposing joint surfaces, to
distribute the stresses over the subchondral bones, and to
provide a low-friction articulation1–3. The ability of articular
cartilage to perform its physiological functions depends
critically on the structure, the composition and the integrity
of its extracellular matrix (ECM). The ECM consists mainly
of water and proteoglycans (PGs) embedded within a
collagen network. The negatively charged PGs draw
water into the tissue and thus create a swelling pressure
within the tissue which is resisted and balanced by the
tension developed in the fibrils of the collagen mesh. As a582result of this swelling pressure, the collagen network is
subjected to a state of ‘pre-stress’ in the absence of
external load4.
Failure in any of the structural components of articular
cartilage compromises the mechanical properties of this
highly specialized tissue and may lead to wear of the
articular surfaces resulting in pain and eventually loss of
joint function. Early degenerative changes include disrup-
tion of the collagen fibers in the superficial and the middle
zone of the tissue5–8, alterations in the PG molecular
structure, a loss of the small PGs from the upper
cartilage zone, and a compensatory increase in PG
synthesis in the deeper zones9–12. These initial changes
may result in decreased swelling pressure and increased
tissue hydration leading to softening and a concomitant
reduction in cartilage compressive stiffness13–26. Altera-
tions in mechanical properties have been reported to be a
more sensitive indicator for early cartilage degeneration
than traditional histological examination27. Numerous
in vivo studies have shown a decrease of cartilage stiffness
after immobilization of knee joints despite macro-
scopically normal articular cartilage22,28–30. Softening and
a reduction of cartilage compressive stiffness may thus
be one of the first detectable signs of articular cartilage
degeneration.
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repair and regeneration there is a need to diagnose carti-
lage disorders at an early stage. Moreover, the properties
of articular cartilage should be monitored in vivo by means
of a quantitative and non-destructive method to assess the
efficacy of cartilage repair procedures. Currently, ortho-
pedic surgeons use different grading systems for arthro-
scopically detectable changes31–35. These scores are,
however, qualitative since they are based on subjective
visual assessment and palpation of the cartilage surface
with a blunt probe. Quantitative information about the
mechanical properties of articular cartilage can be obtained
by cartilage indentation, a technique that has frequently
been used in in vitro studies36–38. Recently, small hand-
held indentation probes have been developed39–41 offering
the possibility to quantitatively assess cartilage compres-
sive stiffness during arthroscopic surgery. The device
developed by Lyyra et al.39 is commercially available and
has been extensively tested in vitro and in vivo39,42–44. For
a series of arthroscopically examined knees in younger
patients with intact cartilage and with chondromalacia
patellae, respectively, data of in vivo compressive stiffness
for intact human knee cartilage were provided43. Despite
clinical symptoms in all patients, the articular cartilage was
assessed visually as intact during arthroscopy. However, it
is not known if histological signs of cartilage degeneration
were already present or not, and how they would have
related to the indentation stiffness of the articular cartilage.
The purpose of this study was to investigate whether the in
situ cartilage compressive stiffness measured with this
hand-held indentation device39 can be related to the histo-
logical grade of cartilage degeneration and the matrix
composition. We wanted to evaluate if the stiffness
measurements performed with the hand-held indentation
probe could provide information about the degeneration
stage and the composition of the tissue in order to obtain a
quantitative analysis of cartilage degeneration.Materials and Methods
SUBJECTS AND MEASUREMENT SITES
Cartilage compressive stiffness was measured on 24
right knees of human cadavers (10 female, 14 male). The
age of the subjects ranged from 32 to 89 years (mean age:
65 years). Post mortem time interval of the stiffness
measurements ranged from 3 to 43 h (mean interval: 16 h).
None of the subjects had a clinical history which might have
had an effect on the mechanical properties of the articular
cartilage. All knee joints were opened using a standard
medial parapatellar arthrotomy. To avoid iatrogeneous
lesions of the cartilage surface, the patellar tendon was
carefully cut allowing gentle luxation of the patella. This
open approach provided good exposure of the joint sur-
faces which facilitated exact harvesting of tissue samples
from the location of stiffness measurement and the stiffness
measurement itself. During the biomechanical tests, phos-
phate buffered saline (PBS) was used to keep the open
knee joint moist. For each knee, the articular cartilage was
assessed on four anatomical sites: the medial (MPG) and
the lateral (LPG) facet of the patellar groove, and the
weight-bearing areas of the medial (MFC) and the lateral
(LFC) femoral condyle (Fig. 1). India ink was used to mark
each measurement site, and to determine the degree of
fibrillation of the joint surfaces45–48. Only sites with a
macroscopically normal or a slightly fibrillated articularcartilage surface (normal or nearly normal cartilage surface
according to the International Cartilage Repair Society
Classification49) were included in this study. The exper-
imental protocol was approved by the ethics committee of
the University of Bern.Fig. 1. Joint surface of the right distal femur. Indian ink was used to
mark each measurement site, and to detect early stages of
fibrillation of the cartilage surface. Indentation tests were per-
formed on the medial (MPG) and lateral (LPG) facet of the patellar
groove, and the weight-bearing areas of the medial (MFC) and
lateral (LFC) femoral condyle.CARTILAGE INDENTATION MEASUREMENTS
A hand-held indentation probe (ARTSCAN 1000,
Artscan Oy, Helsinki, Finland) was used for measurement
of cartilage compressive stiffness42. Briefly, the indentation
device consists of a stainless steel measurement rod joined
to a handle. At the distal end of the rod, a solid, cylindrical
indenter (1.0 mm in diameter, 0.3 mm in length) is placed in
the center of a reference plate. The length of the indenter
determines the deformation applied to the tissue. During
the measurement, the reference plate is pressed against
the cartilage surface (Fig. 2) with a tare force adjusted to a
predefined level of 10 N. This level of tare force ensured
that the indenter imposed a constant deformation of
300 m on the tissue during the short (approximately 1 s
long) indentation (deformation controlled measurement).
Cartilage resists this short deformation and the almost
instantaneous load response of cartilage is recorded and
gives an indication of the local instantaneous cartilage
stiffness. The indenter force was averaged over a minimum
time window of 100 ms selected from the plateau of the
indenter force during the step loading. Enough time was
allowed for recovery of cartilage thickness between individ-
ual measurements. For each measurement site, three to
five indentations were recorded and data were analysed
using customized software (MATLAB, Version 5.3, Math-
Works Inc., Natick, MA, U.S.A.). A median value for each
measurement site was calculated from the measurements
recorded during the individual indentations. Before and
584 T. Franz et al.: Cartilage stiffness and structural integrityafter the measurements, calibration measurements were
performed on standardized elastomer samples to assess
device performance over time. The repeatability of these
calibration measurements over a 6 months period showed
a coefficient of variation of ±9%.
The recorded force represents structural properties—the
local cartilage stiffness. The force read-out may be used for
a relative comparison of cartilage stiffness over time if the
force is measured at the same site on the cartilage surface
and a constant tissue thickness at this site is assumed. For
absolute values of articular cartilage compressive stiffness
the geometry of the tissue has to be considered. Thus, the
short-term compressive stiffness, or the instantaneous
shear modulus, are material properties of articular cartilage
that can be obtained from the measurements with the
hand-held indentation probe. The instantaneous shear
modulus was derived from the measured force and the
geometry of indentation using a linear elastic model50 and
assuming a Poisson’s ratio of =0.5 as described by Lyyra
et al.39,42. For a cartilage thickness smaller than 2.0 mm, a
correction factor was used to calculate the instantaneous
shear modulus as proposed by Jurvelin51.TISSUE HARVESTING
After biomechanical testing, two osteochondral plugs
were harvested from each marked site using a water
cooled, cylindrical diamond drill bit (Draenert, Munich,
Germany). One plug (Ø 4.6 mm) was used for biochemical
analysis and the other plug (Ø 2.8 mm) was used for
histological evaluation. Immediately after harvesting, the
cartilage thickness of each plug was measured using a
magnifying measuring lens (magnification: 8×; accuracy:
±0.1 mm). Cartilage thickness was defined as the distance
between the cartilage surface and the visually identifiedBIOCHEMICAL ANALYSIS
Specimens for biochemical investigations were stored at
−80° Celsius. Total PG content was determined by use of
the dimethylmethylene blue assay according to Farndale et
al.52, and total collagen content (represented by the total
amount of hydroxyproline) was determined according to
Schwartz et al.53. Reproducibility of the biochemical
methods was tested using six repeated measurements on
articular cartilage from 6-month-old pigs. Coefficients of
variation for total collagen content and for total PG content
were 9.3% and 4.9%, respectively.Fig. 2. Cartilage compressive stiffness was measured using a
hand-held indentation probe (ARTSCAN 1000). During the
measurement, the reference plate at the distal end of the probe is
pressed against the cartilage surface with a predefined force of 10
N. Immediately after biomechanical testing, two osteochondral
plugs were harvested from each measurement site.Table I
Histological–histochemical grading system (Mankin et al. 1971)
Grade
I. Structure
(a) Normal 0
(b) Surface irregularities 1
(c) Pannus and surface irregularities 2
(d) Clefts to transitional zone 3
(e) Clefts to radial zone 4
(f) Clefts to calcified zone 5
(g) Complete disorganization 6
II. Cells
(a) Normal 0
(b) Diffuse hypercellularity 1
(c) Cloning 2
(d) Hypocellularity 3
III. Safranin-O staining
(a) Normal 0
(b) Slight reduction 1
(c) Moderate reduction 2
(d) Severe reduction 3
(e) No dye noted 4
IV. Tidemark integrity
(a) Intact 0
(b) Crossed by blood vessels 1HISTOLOGICAL EVALUATION
Samples for histological evaluation were fixed in a
4%-buffered formaldehyde/1%-cetylpyridinium chloride
solution for 2 days and decalcified in a 15% solution of
EDTA for 2–3 weeks. Cetylpyridinium chloride was added
to the fixative to prevent PG loss during tissue process-
ing54,55. Decalcification was monitored by radiography.
Following decalcification, the samples were dehydrated
through a graded series of alcohol, embedded in paraffin,
and cut in five-micrometer thin sections. From each
sample, four sections were stained with Safranin-O/Fast-
Green (SAFG), Masson’s Trichrome, Alcian blue and
Hematoxylin-Eosin, respectively, producing a total of 352
sections. With special emphasis to the SAFG slides, the
stage of cartilage degeneration was assessed according to
Mankin’s histological-histochemical grading score56. Using
this score, different categories such as surface integrity,
structural and cellular alterations, matrix staining and the
integrity of the tidemark were graded (Table I). Additionally,
cartilage thickness was measured again on the histologicsubchondral bone. For each sample, a mean thickness
value was calculated from the four measurements taken
around the circumference of the plug.
Osteoarthritis and Cartilage Vol. 9, No. 6 585slides using morphometric image analysis software
(Image-Pro Plus, Media Cybernetics Inc., Silver Spring,
MD, U.S.A.). Cartilage thickness (including calcified carti-
lage) was defined as the mean distance between the
cartilage surface and the subchondral bone plate.STATISTICAL ANALYSIS
In order to investigate if there was a relationship between
the Mankin score, the cartilage stiffness and the biochemi-
cal composition, simple linear regression analysis was
used. The degree of association between Mankin scores
and cartilage stiffness was expressed by the coefficient of
determination, R2. Median values for cartilage thickness
and cartilage compressive stiffness pooled across all sub-
jects were determined for each measurement site. Com-
parison of the median values between measurement sites
was done using a one-way analysis of variance. Significant
differences (P≤0.05) between median values were
identified using the Bonferroni method.Results
POOLED DATA
The majority of the sites were macroscopically normal
and only a few sites showed a slightly roughened surface
with mild India ink staining in some patients. However, no
gross fibrillation or surface irregularities were present.
Mean cartilage thickness values determined either by using
the magnifying lens on the fresh plugs or by using image
analysis of the processed tissue slides were similar and
differed by ±0.1 mm on average. Median values and stan-
dard deviations (S.D.) of cartilage thickness (as measured
on the fresh plugs), indenter forces, instantaneous shear
moduli, and Mankin scores for each measurement site and
pooled for all subjects (disregarding the wide age range)
are shown in Table II.
Cartilage thickness was greatest for the lateral femoral
condyle (LFC), however the thickness was not significantly
different for the four different measurement sites. The
measured indenter force (or calculated shear modulus)
pooled for all subjects was significantly lower for the medial
patellar groove (MPG) compared to the other three
measurement sites.BIOCHEMICAL COMPOSITION VS CARTILAGE STIFFNESS
Values for total collagen and total PG content varied
greatly for a given measurement site. Even when dividing
the subjects into three age groups (ranging from 31–50,Table II
Median values for each measurement site and pooled for all 24 subjects (N=number of samples for a given site)
Location Thickness
(mm)
Indenter force
(N)
Shear modulus
(MPa)
Mankin score
Median S.D. Median S.D. Median S.D. Median Range
LPG (N=22) 2.2 0.49 4.94 1.50 3.14 0.90 3.5 1–8
MPG (N=23) 2.2 0.85 4.40* 1.54 2.44* 0.92 5.0 2–7
LFC (N=23) 2.7 0.66 5.04 1.23 3.24 0.74 4.0 1–8
MFC (N=20) 2.1 0.58 5.96 1.77 3.66 1.17 4.5 1–7
*Indicates significantly different values.Fig. 3. Total proteoglycan content (mg/g tissue wet weight) vs
cartilage compressive stiffness (shear modulus in MPa), illustrated
for the lateral femoral condyle. All subjects are divided into three
age groups ( 31–50 years,  51–70 years,  71–90 years) to
demonstrate that the variation of total proteoglycan content is not
due to the large age range.Fig. 4. Total collagen content (mg/g tissue wet weight) vs cartilage
compressive stiffness (shear modulus in MPa), illustrated for the
lateral femoral condyle. All subjects are divided into three age
groups ( 31–50 years,  51–70 years,  71–90 years) to
demonstrate that the variation of total collagen content is not due
to the large age range.51–70, 71–90 years), the variation of the collagen and PG
content was still large. No correlation between total PG
content and instantaneous cartilage stiffness was found.
This is illustrated for the lateral femoral condyle in Fig. 3
and is representative for all measurement sites. Similarly,
no correlation was found between total collagen content
and instantaneous cartilage stiffness as shown for the
lateral femoral condyle in Fig. 4.
586 T. Franz et al.: Cartilage stiffness and structural integrityFig. 5. (a)–(c). Even in macroscopically normal cartilage, histological signs of degeneration were already present: Histologic views
(Safranin-O/Fast Green, 2.5×10) of osteochondral plugs harvested from the lateral femoral condyle of different subjects. The intensity of the
Safranin-O stain, a cationic dye that binds stoichiometrically to the glycosaminoglycan polyanions in cartilage PGs, is graded normal (a),
slightly reduced (b), and moderate reduced (c), respectively.Fig. 6. Histologic slide (Masson’s Trichrome, 10×10) of an osteo-
chondral plug taken from the lateral femoral condyle. In the
transitional zone of articular cartilage, focal clustering of chondro-
cytes can be observed.Fig. 7. Region of the tidemark in a cartilage sample from the medial
patellar groove (Masson’s Trichrome, 10×10). The tidemark
(arrows) is crossed by a blood vessel. In accordance to the Mankin
score, lack of integrity of the tidemark is a sign of cartilage
degeneration.MANKIN SCORE VS CARTILAGE STIFFNESS
Mankin score ranged from 1 to 8 for a given measure-
ment site. This indicates that macroscopically normal car-
tilage exhibited already some fine histological alterations.
This was mainly due to a reduction in Safranin-O staining
[Fig. 5(a)–(c)], cellular irregularities (Fig. 6), and a lack of
integrity of the tidemark (Fig. 7). A high correlation between
the short-term compressive stiffness of articular cartilage
and the Mankin score was found for three anatomical sitesof the knee (LPG, LFC, MFC). Coefficients of determination
ranged from 0.70 to 0.83 indicating that for the LFC, LPG,
MFC sites, 70%, 81%, and 83%, respectively, of the
variance in the Mankin score could be accounted for by the
corresponding variance in the cartilage stiffness. However,
for the MPG, the coefficient of determination was lower
(R2=0.44) (Fig. 8). There was no correlation between the
single categories of the Mankin Score (structure, cells,
Safranin-O staining, and tidemark integrity) and the
measured mechanical properties.
Osteoarthritis and Cartilage Vol. 9, No. 6 587Fig. 8. Relationship between Mankin score and cartilage stiffness [shear modulus in MPa], illustrated for different anatomical sites of the
human knee joint. A high correlation was found for the lateral patellar groove (R2=0.81), the lateral femoral condyle (R2=0.70) and medial
femoral condyle (R2=0.83), whereas for the medial patellar groove only a moderate correlation (R2=0.44) was observed.Discussion
The compressive behavior of human articular cartilage
has been studied in various experimental configurations
(e.g., confined compression, unconfined compression, and
indentation)21,57–63. Indentation is one of the most fre-
quently used methods to determine the mechanical prop-
erties of articular cartilage. The indentation technique has
been applied in order to investigate different types of
articular cartilage: normal (for a review see Mow et al.
198464), degenerated15,27,65, or repaired tissue66. Since
cartilage indentation can be performed in situ, the indenta-
tion technique has the advantage—compared to other test
configurations—that complex specimen preparation is not
required, thus, destruction of the articular cartilage before
testing can be avoided. Further, complete recovery of
articular cartilage after indentation has been demonstrated
and has confirmed the non-destructive nature of indenta-
tion51. These features pre-destine indentation testing for
clinical or diagnostic use. The topographical variation of in
vivo compressive stiffness for intact articular cartilage in the
knee joints of young patients with anterior knee pain has
been determined with a recently developed arthroscopic
indentation probe42,43. Since it was not known if any
histological signs of degeneration were already present in
the knees of these patients the purpose of our study was to
provide stiffness data for articular cartilage of the human
knee joint with a known histological and biochemical status.
Numerous experimental studies have demonstrated
topographical variations of the stiffness in the knee joint
cartilage of different animal species38,67–71. In the human
knee joint, the mechanical properties of some cartilage
areas have been characterized in detail by indentation
experiments38,44,68,72. Swann and Seedhom70 and Yaoand Seedhom69 reported that the stiffest cartilage was
found for the femoral condyles. The patellar surface of the
femur was softer, and the softest cartilage was located in
the tibial plateau exposed by the menisci, which is consist-
ent with our measurements. Athanasiou et al.38 measured
properties of the human femoral cartilage using biphasic
indentation and found that the stiffest cartilage was located
in the patellar groove of the femur. Froimson et al.72
measured the indentation properties of patellar cartilage
and showed that the lateral facet was stiffer than the
cartilage in the medial facet, which is in disconcordance
with the results of Lyyra et al.43. The variation of cartilage
thickness as well as the variation in the structure and
biochemical composition among different joint areas may
be explained as a functional adaptation of the articular
cartilage to the local mechanical requirement it is exposed
to69,70,73–75.
The limitation of this study is the wide age range of the
specimens and, in particular, the lack of young specimens
that hampers the comparison of our results with the in vivo
values reported by Lyyra and coworkers43. Despite this
limitation, values for cartilage thickness and cartilage com-
pressive stiffness measured in situ are comparable to the in
vivo values provided by Lyyra et al.42,43 for corresponding
locations in the human knee joint. In contrast to the
cartilage thickness values provided by Lyyra et al.42, which
were obtained using magnetic resonance imaging (MRI),
we measured cartilage thickness directly. This eliminated
the uncertainty associated with the accuracy and exact
location of MRI thickness values for the calculation of
cartilage material properties in this study. However, for
determination of cartilage thickness in a clinical setting,
thickness data have to be determined using alternative,
588 T. Franz et al.: Cartilage stiffness and structural integrityFig. 9. Region of the tidemark in a cartilage sample from the
medial patellar groove (Safranin-O/Fast Green, 5×10). Several
horizontal splits at the tidemark level (arrows) are indicative of
chondromalacia.non-destructive methods such as MRI scans with appropri-
ate echo sequences and protocols76,77 or high-frequency
ultrasound41,78 which may hamper accuracy of thickness
and stiffness values of in vivo measurements. The effect of
cartilage thickness on the measured force using the hand-
held device with the given dimensions (1.0 mm in diameter,
0.3 mm in length) has been carefully investigated by
Lyyra42.
A priori determination of the Poisson’s ratio is a weak-
ness of the elastic model for determination of the shear
modulus of articular cartilage37. Moreover, Poisson’s ratio
of intact articular cartilage for different species has been
reported to be smaller than 0.338 and the numerical solu-
tion for the scaling factor k of the elastic problem has been
extended to small Poisson’s ratio51. Therefore, the
assumption of a Poisson’s ratio of =0.5 as made in this
study has to be considered a limiting factor for the accuracy
of the reported stiffness values. Further, we have used the
indentation device during an open approach which pro-
vided idealized conditions with good visual control. Per-
forming the stiffness measurements during arthroscopic
surgery is a challenging task in terms of appropriate
alignment on the articular surface.
Despite controversial opinions about the reliability79–81
of the histological–histochemical grading system by Mankin
et al.56, it is the most widely used grading score for
cartilage degeneration in osteoarthritis (OA). The Mankin
score is a combined grading system for assessment of
structural and surface irregularities, cellular abnormalities,
matrix staining and tidemark integrity (Table I). Thus, the
Mankin score includes information about the superficial and
deeper layer of articular cartilage which reflects the integrity
of the PG-collagen matrix. However, histological signs
characteristic of chondromalacia patellae (e.g., swelling of
the superficial matrix and horizontal matrix splits at the
tidemark level82) are not entirely taken into consideration
by the Mankin score. Furthermore, the Mankin score
does not provide a progressive linear score as OA
histopathology becomes more severe83.
In the present study, a strong correlation between the
short-term compressive stiffness and the histological stage
of cartilage degeneration was found for the sites of LPG,
LFC and MFC (Fig. 8). For the MPG, however, the corre-
lation between short-term compressive stiffness and
Mankin score was moderate. This result might be related to
abnormal softening of articular cartilage observed for this
particular site in several specimens of this study. In patients
with chondromalacia patellae (CM), the articular cartilage
of the patella and the patellar groove of the femur has
been reported to be abnormally softened84. In addition,
increased contact pressure between the medial facet of the
patella and the medial trochlear rim of the femur has been
proposed to cause CM31. Since in the present study,
histologic slides of MPG cartilage frequently revealed hori-
zontal splitting at the tidemark level (Fig. 9), which is a
typical sign of CM82, we conclude that the cartilage soften-
ing at the MPG site in these specimens was due to CM, and
was not adequately represented by the Mankin score, and
thus results in the weak correlation at this site. The present
study has used specimens with either normal cartilage or
mild osteoarthritic changes but has not been looking at
severe OA alterations (expected score range 10–14). The
histological–histochemical grading score (HHGS) for
osteoarthritic cartilage does not adequately differentiate
between changes designated moderate and mild osteoar-
thritic changes, and the values for sensitivity and specificity
are low80,81. The present study confirms, however, that theMankin score permits the differentiation between normal
articular cartilage and mild osteoarthritic changes. This is
particularly relevant in experimental models of OA79, and it
is of importance when using a new classification system
that a histological–biomechanical correlation would be
established.
In contrast to the high correlation between short-
compressive stiffness and histological stage of cartilage
degeneration, we found no correlation between either the
total PG content or the total collagen content and cartilage
compressive stiffness (Figs 3 and 4). These results are
consistent with observations that suggest that in short-term
compression (i.e., when no time exists for interstitial fluid
flow), the response of articular cartilage is primarily con-
trolled by the integrity of the collagen fiber network1,36,61–63
and not by the content of PGs. Since indentation causes
stretching of the superficial collagen fibers1, the tensile
stiffness provided by the tightly-woven collagen fibrils in the
superficial layer5,85 plays an important role. While proteo-
glycans are thought to play an indirect role by modulating
the stiffness of the collagen network through their osmotic
pressure, instantaneous deformation of articular cartilage
in unconfined compression was mainly controlled by the
collagen network61. This has also been confirmed by
several studies on enzymatically digested cartilage
samples where cartilage softening after PG digestion was
directly related to an abnormal structural response of the
collagen network44,63,86–89. Further, PG digestion alone
reduced the viscous damping coefficient but did not alter
the elastic stiffness of the articular cartilage. In contrast,
distinct degradation of the collagen network caused a
decrease in both damping coefficient and elastic stiff-
ness62,63. Studies of experimentally-induced cartilage
degeneration in animal models, which provide a means to
track the sequence of early events during cartilage degen-
eration have helped to establish the correlation between
mechanical properties and cartilage composition. Many
experimental models of cartilage degeneration have been
based on altered joint mechanics, such as impact loading
or damage to the ligamentous or meniscal tissues. The
anterior cruciate ligament transection model for joint insta-
bility and OA has been the most widely used model for the
Osteoarthritis and Cartilage Vol. 9, No. 6 589study of degenerative changes in articular cartilage65,90–97.
Precise quantification of cartilage degeneration and its
exact relationship to changes in the mechanical behaviour
and function of diarthrodial joint remains a challenging topic
of investigation97.
In conclusion, the results of the present study are in
accordance with previous investigations, and suggest that
the short-term compressive stiffness of articular cartilage is
primarily dependent on the integrity of the extracellular
matrix. It appears that structural alterations (e.g., slight
fibrillation of the cartilage surface, disorganization of the
collagen network, decreased PG aggregation), rather than
compositional changes of the PG-collagen matrix, are
responsible for the decrease in cartilage compressive stiff-
ness which was measured with the hand-held indentation
probe. In the case of early cartilage degeneration, the
stiffness data assessed with this probe correlate well with
the histological degeneration stage. More advanced stages
of degeneration have not been tested. Therefore, we feel
that the indentation probe is an adequate tool to character-
ize the topographical stiffness variation in the knee joint
for quantitative, non-destructive assessment of the early
cartilage degeneration stage provided that a reliable
contact between the indenter and the cartilage surface is
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